Introduction
Uromodulin-associated kidney disease (UAKD) is an inherited form of progressive kidney disease, with a prevalence of 8 in 1 million individuals in the general population, but representing as many as 25% of patients with inherited kidney disease, after exclusion of polycystic kidney disease and Alport syndrome (1). Patients with UAKD can begin to show symptoms as early as the teenage years and are characterized throughout disease progression by low uromodulin (UMOD or Tamm-Horsfall protein) levels in urine, polyuria and polydipsia, tubulointerstitial fibrosis, and the presence of hyperuricemia, gout, and hypertension (2). In addition to mutations identified through familial linkage studies of UAKD (3-6), recent GWAS have shown noncoding and coding polymorphisms at the UMOD gene (UMOD) locus to be significantly associated with chronic kidney disease (7) (8) (9) (10) (11) (12) . While inconclusive, such polymorphisms in the UMOD promoter may point to abnormalities of UMOD expression as being highly associated with the development and progression of kidney disease (13) .
UMOD was first isolated from the urine of healthy individuals and characterized as a secreted, high-molecular-weight mucoprotein in 1952 by Igor Tamm and Frank Horsfall (14) . More recent studies have revealed UMOD expression to be exclusive to the renal epithelial cells lining the thick ascending limb of the loop of Henle and the early distal tubule (15) . UMOD protein is glycosylated at 7 of its 8 potential N-glycosylation sites (16) and is glycosylphosphatidylinositol (GPI) anchored to the luminal surface of tubules, where it is cleaved into the urine at a rate of 50 to 100 milligrams per day (17) , making it the most highly secreted protein in the urine of healthy individuals (18) . In urine, it is found as a high-molecular-weight polymer (relative molecular weight [Mr] 1 × 10 6 to 10 × 10 6 ) and can be dissociated into monomers of roughly 95 kDa (17) . While the function of UMOD is not completely elucidated, knockout animal studies suggest that it plays a role in renoprotection against uropathogenic bacteria and in tightly controlling water transport in the kidney to concentrate urine (19, 20) . UMOD has been shown to be critical in preventing crystallization of calcium from tubular filtrate, suggesting a role in the prevention of kidney stone formation (21) .
While there are more than 100 inherited mutations in UMOD described (22) (23) (24) (25) (26) (27) , most result in cysteine residue replacement, which disrupts disulfide bridging at critical nodes of protein folding. The majority of reported mutations reside within the portion of the gene that codes for the N-terminus. Prior studies have revealed impaired trafficking of many of these mutant forms of the protein (28) , suggesting that impaired trafficking and loss of secretion into the urine tie the mutations together mechanistically. Recently, investigators created a short transgenic allele expressing a mutant form of mouse UMOD under the Umod short promoter (18) . The mouse with this transgene developed kidney disease, and the mutated UMOD protein was shown to localize in the ER.
Uromodulin-associated kidney disease (UAKD) is caused by mutations in the uromodulin (UMOD) gene that result in a misfolded form of UMOD protein, which is normally secreted by nephrons. In UAKD patients, mutant UMOD is poorly secreted and accumulates in the ER of distal kidney epithelium, but its role in disease progression is largely unknown. Here, we modeled UMOD accumulation in mice by expressing the murine equivalent of the human UMOD p.Cys148Trp point mutation (Umod C147W/+ mice). Like affected humans, these Umod C147W/+ mice developed spontaneous and progressive kidney disease with organ failure over 24 weeks. Analysis of diseased kidneys and purified UMOD-producing cells revealed early activation of the PKR-like ER kinase/activating transcription factor 4 (PERK/ATF4) ER stress pathway, innate immune mediators, and increased apoptotic signaling, including caspase-3 activation. Unexpectedly, we also detected autophagy deficiency. Human cells expressing UMOD p.Cys147Trp recapitulated the findings in Umod C147W/+ mice, and autophagy activation with mTOR inhibitors stimulated the intracellular removal of aggregated mutant UMOD. Human cells producing mutant UMOD were susceptible to TNF-α-and TRAIL-mediated apoptosis due to increased expression of the ER stress mediator tribbles-3. Blocking TNF-α in vivo with the soluble recombinant fusion protein TNFR:Fc slowed disease progression in Umod C147W/+ mice by reducing active caspase-3, thereby preventing tubule cell death and loss of epithelial function. These findings reveal a targetable mechanism for disease processes involved in UAKD.
Uromodulin p.Cys147Trp mutation drives kidney disease by activating ER stress and apoptosis
We also observed increases in fibrotic disease markers including laminin, fibronectin (FN1), collagen type I, serpine1 (PAI1), as well as the signaling growth factors CTGF, IGF1, and PDGF-B ( Figure  1 , I and J). Consistent with these observations, Masson's trichrome staining revealed significant and widespread interstitial fibrosis in both the cortex and medulla of whole-kidney sections (Figure 1 , K and L). Picrosirius red staining revealed marked increases in collagens I and III (Supplemental Figure 1, C and D) .
Transcriptional analysis of Umod C147W/+ kidneys reveals TNF signaling and ER stress-induced apoptotic cell death, but not autophagic signaling pathways. To achieve a greater understanding of the mechanisms linking misfolded protein accumulation to the pathogenesis of disease in Umod C147W/+ mice, we performed RNA-sequencing (RNA-seq) of mRNA isolated from whole-kidney tissue and from UMOD-producing epithelial cells purified from mutant mice and littermate controls at multiple time points, including 6, 12, 24, and 30 weeks (Supplemental Figure 2 , A-C) (Gene Expression Omnibus [GEO] database accession no. GSE102566). Because the isolated UMOD-producing epithelial cells lost expression of Umod by day 10 in culture (Supplemental Figure 2D ), only RNA from freshly isolated day-0 fractions was sent for sequencing. At early time points in whole-kidney tissue, including 6 and 12 weeks, we observed a marked activation of genes associated with epithelial injury (Lcn2, Havcr1), matrix dysregulation (Serpine1, Mmp3, Smoc2), complement (Gpr77), the JAK/STAT pathway (Lif, Crlf1, Socs3), and the Myd88-dependent pathway (Il1rn, Ccl2), as well as activation of downstream effectors of the ER unfolded protein response (UPR) (Trib3, Casp4, Casp12, Asns, Atf3) ( Figure 2A ). Gene ontology (GO) analysis of the most dysregulated genes in whole tissue confirmed the activation of innate immune pathways, positive regulation of inflammation, and response to stress (Supplemental Figure  3A) . Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis similarly revealed innate immune activation, as well as strong engagement of TNF signaling ( Figure 2B ). Additional upstream analysis of the dysregulated genes specifically in UMODproducing epithelial cells at the 12-week time point confirmed the regulation of innate immune pathways and TNF signaling and also demonstrated activation of an intrinsic ER stress-mediated cell death pathway ( Figure 2C and Supplemental Figure 3 , B and C). Given the activation of these pathways early on in disease, we performed a mini-array in a separate cohort of mice at 24 weeks, at the peak of disease, to assess the extent to which these pathways were maintained or exacerbated. Analysis at 24 weeks confirmed the upregulation of matrix-related genes, the epithelial injury marker Havcr1, innate immunity genes, as well as genes for components of the ER stress/UPR pathway. Interestingly, genes related to macroautophagy, the process by which large proteins, aggregates, and organelles are processed for degradation, were not transcriptionally upregulated (Figure 2 , D and E, and Supplemental Figure 3D ). This was particularly striking, given that we observed aberrant accumulation of mutant UMOD protein in the renal tubular cells of mutant animals (Figure 1) . Umod C147W/+ kidneys undergo ER stress and apoptosis and activate innate immunity. Since the mRNA profiling of mutant kidneys and epithelium revealed UPR and ER stress, innate immunity, and apoptosis as prominent upregulated pathways in the transcriptional signature, we evaluated these candidate disease-contributing
The studies showed a close link between mutant UMOD expression and the regulation of salt and water balance. These previous studies did not closely explore the underlying mechanisms linking ER stress and the pathogenesis of nephron failure.
To explore UAKD further, with the goal of dissecting the signaling pathways triggered by misfolded UMOD protein, we wished to avoid the possible shortcomings of a transgenic model, such as unfaithful expression or unwanted disruption of key coding and noncoding regions, and capitalize on recent technological advances using CRISPR/Cas9 to specifically introduce precise point mutations into the murine Umod locus. We therefore introduced the mouse equivalent of the human UMOD mutation p.Cys148Trp, which lies 1 residue earlier, denoted as p.Cys147Trp, into the endogenous Umod locus of the mouse genome to characterize the disease processes mediated by this mutation.
Results

Umod
C147W/+ mice develop chronic kidney disease at 24 weeks and accumulate UMOD in the ER. To create a point mutation at the 147th amino acid of the mouse Umod gene, a single CRISPR RNA guide was generated using in vitro transcription (29) , purified, and then injected with Cas9 mRNA, along with a 153-bp single-stranded donor DNA fragment containing the mutation, into C57BL/6J mouse embryos at the single-cell stage (30) . These embryos were then implanted into foster mothers and brought to term. Sixty mosaic founder males had tissue sampled for screening. PCR was run across the allele of interest, and the amplicon was cloned into a housing vector for sequencing (Figure 1, A and B) . Sequencing results identified 5% of founders with the correctly targeted mutations. Positive founders were bred with WT female mice to produce F1 animals. The heterozygous mice of the F1 generation were found to have germline transmission of 50%. A cohort of heterozygous mice and littermate controls were aged and evaluated at 24 weeks. Mice heterozygous for Umod p.Cys147Trp (Umod C147W/+ mice) had elevated blood urea nitrogen (BUN) and serum creatinine (sCr), markers of kidney failure (Figure 1, C and D) . Urinary protein levels were also increased but did not reach significance at this 24-week time point (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/ JCI93817DS1). The body weights of both males and females were reduced compared with littermate controls ( Figure 1E ). Consistent with previous reports, levels of UMOD in whole-kidney tissue in mutant animals were elevated and were found to accumulate at a smaller, nonglycosylated pre-Golgi apparatus stage (18) . On the other hand, we found that urinary UMOD was markedly reduced in heterozygous mice, consistent with a dominant negative function of this mutant protein (Figure 1, F and G) . Loss of UMOD from urine was associated with decreased concentrating capacity, which was determined by measuring urine-specific gravity (Supplemental Figure 1B ). We evaluated whole-kidney sections for cellular UMOD expression ( Figure 1H ). Whereas healthy tubules showed signal for UMOD expression at the luminal surface, mutant mice showed intense signal in intracellular compartments that colocalized with calnexin, an ER membrane marker. Whole-kidney transcripts and protein detection indicated tubular damage in the proximal tubule, which was evidenced by elevated levels of hepatitis A virus cellular receptor 1 (HAVCR1, also known as KIM1). the protein levels of 2 key mediators of autophagy, P62/SQSTM1 and LC3/MAP1LC3B. P62 is a critical ubiquitin-binding scaffold protein that acts as a selective autophagy receptor for ubiquitinated substrates marked for degradation. P62 is recognized by the autophagosome and is itself degraded along with the substrate via autophagy (42, 43) . Clearance of autophagic cargo is a hallmark of active autophagy (42) . LC3B is a critical component contributing to the integrity of the membrane of the autophagosome. Inactive LC3B I is cleaved into the active LC3B II, and the ratio of these 2 forms reflects on the level of active autophagy (44) . In mutant kidneys, we observed both an abundance of P62 and a significantly reduced ratio of active to inactive LC3B (Figure 4, A and B) . Not only is this consistent with a lack of engagement of autophagy, but it suggests an active suppression of autophagy mechanisms. Quantitative analysis of a panel of essential autophagy-associated genes also demonstrated a widespread lack of upregulation relative to littermate controls. We observed a significant reduction in gene expression for Map1lc3b, Nbr1, and Atg7 ( Figure 4C ). An rVista promoter analysis (45) for overrepresented transcription factor binding sites for this panel of selected autophagy genes revealed both FOXO and TFEB binding sites ( Figure 4D ). The activity levels of TFEB and FOXO3, specifically, have been linked to positive regulation of autophagy (46) (47) (48) (49) (50) (51) . Protein level analysis of whole-kidney tissues revealed an increased level of active, phosphorylated AKT (p-AKT), which negatively regulates FOXO3 via phosphorylation. Densitometric analysis revealed a 1.5-fold enrichment of inactive p-FOXO3 in mutant kidneys (Figure 4 , E and F), which was consistent with suppressed transcriptional regulation of autophagy. To study the impact of mutant UMOD on autophagy specifically in UMOD-producing epithelial cells, we purified primary UMOD-positive murine epithelial cells from mutant and littermate control kidneys at 24 weeks. To further explore whether autophagy is actively suppressed at this time point, we evaluated mTOR, an important negative regulator of the initiation of autophagic phagophore formation via phosphorylation and inactivation of Unc-51-like autophagy-activating kinase 1 (ULK1) (52) . Active mTOR also negatively regulates TFEB via phosphorylation, maintaining the transcription factor in the cytosol via conjugation to 14-3-3 proteins (53) . In purified UMODproducing epithelial cells, we detected increased levels of active p-mTOR, as well as inactive p-ULK1 and inactive p-TFEB in the presence of mutant UMOD ( Figure 4G ). To determine the extent of autophagy suppression at the transcriptional level in the affected UMOD-producing epithelium, we assessed the expression of a broad panel of autophagy-associated genes, with a particular focus on those regulated by TFEB and FOXO (54, 55) . We observed a statistically significant, widespread suppression in nearly 90% of all autophagy-associated genes tested (93% of FOXO targets, 83% of TFEB targets), with the single exception of Sqstm1, which was upregulated in mutant cells ( Figure 4H ). Among the significantly downregulated genes were those encoding autophagic machinery components linked to: autophagic vacuole formation (Atg5, Atg12, Atg16l1, Gabarap Gabarapl1, Gabarapl2, Becn1); targeting proteins to the autophagosome (Atg4b); linking autophagosomes to lysosomes (Vps33a, Vps11); protein transport (Atg10, Atg16l2); and protein ubiquitination (Atg3) (56, 57) . Genes associated with transmitting an autophagic response to intracellular signals (Pik3c3, processes further. Elevated expression levels of central ER stress pathway regulators Atf4, Ddit3 (encoding CHOP), and Trib3, downstream of the PERK-dependent sensing pathway of the UPR, were confirmed at week 24 ( Figure 3A) . Similarly, protein levels of CHOP, ATF4, and tribbles-3 (TRIB3) were elevated in whole kidneys from mutant animals ( Figure 3 , B and C). Measurement of the activation of the IRE1α/XBP1-sensing transcriptional response of the UPR was performed using quantitative PCR to directly compare the levels of active, spliced XBP1 transcript with those of the inactive, unspliced form. This method revealed an increase in the ratio of the active to inactive form of the Xbp1 transcript in mutant kidneys, consistent with induction of the UPR and ER stress mechanisms ( Figure 3D ). Quantitative PCR of whole-kidney transcripts at week 24 revealed a significant increase in activation of a panel of innate immune and apoptotic genes, including Ccl3 (also known as Mip1a), Cxcl2 (also known as Mip2), Tnf, Bbc3, Casp3, and Casp12, respectively (Figure 3, E and F). We observed elevated levels of the active, cleaved form of caspase-3 protein ( Figure  3 , G and H). Furthermore, the cleaved version of caspase-12 was also increased in mutant animals ( Figure 3G ). Caspase-12, which is located in the ER may link ER stress to apoptosis and innate immune signaling (31) (32) (33) (34) (35) (36) (37) (38) . Immunofluorescence staining revealed increased active caspase-3 distributed within UMOD-positive tubules (arrows) ( Figure 3I ). Interestingly, active caspase-3 was also observed in non-UMOD-positive tubules, suggesting that distal tubules transmit apoptotic signaling to neighboring tubules of the kidney ( Figure 3I ).
Umod C147W/+ kidneys are deficient in autophagy. Despite aberrant intracellular accumulation of misfolded, mutant UMOD protein, the RNA-seq analysis demonstrated a lack of upregulation of autophagy genes. Autophagy is an important homeostatic intracellular mechanism for the removal of damaged organelles, cytoplasmic components, and misfolded and aggregated proteins (39) (40) (41) . To further assess the unexpected lack of upregulation, we evaluated changed ( Figure 4I ), suggesting that, in our model, FOXO3 was negatively regulated at both the transcriptional and posttranslational levels, while TFEB was largely regulated at the posttranslational level only in the affected cells.
Time course reveals disease progression in Umod C147W/+ mice. In order to achieve a better understanding of the trajectory of the Ulk2), the ATG2-WIPI network (Atg2b, Wipi1, Wipi2, Wdr45), and the cargo-selective complex (CSC) (Vps35, Vps26a) were similarly suppressed (58, 59) . Interestingly, transcript expression levels in WT versus mutant UMOD cells of the regulators FOXO3 and TFEB themselves were different. While expression of Foxo3 was significantly downregulated, Tfeb expression was not significantly DEGs with an adjusted P value of less than 0.05 and a log 2 fold change of greater than 1. RNA was isolated from whole-kidney tissue from 12-week-old mice. Scale bar is in fragments per kilobase of transcript per million mapped reads (FPKM). (B) Heatmap of selected enriched terms (adjusted P < 0.05) from KEGG pathway analysis of the 40 most upregulated DEGs. RNA was isolated from whole-kidney tissue from 12-week-old mice. (C) GO enrichment analysis for biological process of the 40 most upregulated DEGs in RNA obtained from isolated UMOD-producing cells from 12-week-old mouse kidneys (adjusted P < 0.05). (D) Volcano plot of genes for inflammation, fibrosis, apoptosis, the UPR, and autophagy (performed with a fold-change cutoff of 1.5 and a P-value cutoff of 0.05). RNA was isolated from 24-week-old whole mouse kidney, and the fold change was assessed using quantitative PCR. (E) Transcriptional signature summary diagram for 24-week-old whole-kidney RNA isolate. n = 8-11 per group. jci.org
Volume 127 Number 11 November 2017 phenotype in the mutant mice and how that relates to the cellsignaling and homeostatic pathways implicated, we characterized disease from 6 weeks until 30 weeks. Our analysis revealed that the expected increases in body weight with aging did not occur in mutant mice, with a significant divergence in weight for WT mice at 24 weeks. Kidney weights also were significantly lower in mutant mice by 24 weeks. By 30 weeks, we observed a nearly 50% reduction in kidney mass ( Figure 5 , A-C). Both BUN and sCr levels were significantly elevated in mutant mice by 12 weeks and progressively increased between 12 and 30 weeks ( Figure 5 , D and E).
We observed large differences in Masson's trichrome staining for deposition of fibrotic matrix by 24 weeks, coincident with highly upregulated matrix protein transcripts (Figure 5 , F and G, and Supplemental Figure 4A ). To understand the extent of activation of ER stress, cell death, and suppression of autophagic pathways, we purified primary UMOD-producing epithelial cells from mutant and littermate control kidneys. We confirmed significantly elevated expression of Atf4 and Ddit3 (Chop) as early as 6 weeks, while the peak of Trib3 expression occurred at 12 weeks ( Figure 5H ). It is reported that ER stress-induced expression of Trib3 is regulated by CHOP and ATF4 and that TRIB3 plays a central role in mediating ER stress-induced cell death by sensitizing cells to TNF-α-and TRAIL-mediated apoptosis (60, 61) . In line with ER stress activation giving way to a proapoptotic program, UMOD-producing cells revealed elevated Bbc3 (P53-upregulated modulator of apoptosis [PUMA]) at 24 weeks ( Figure 5I ). PUMA is a central proapoptotic factor elicited by ER stress (62) . Both Tnf and Tnfrsf10b (death receptor 5 [DR5]), the receptor for TRAIL, were significantly upregulated in UMOD-producing cells by 12 weeks and continued to be expressed at high levels through 30 weeks ( Figure 5I ). This pattern was distinct from that of other innate immune cytokines, which had a bimodal distribution (Supplemental Figure 4B) . Notably, analysis of autophagy gene expression in cells isolated over this time course revealed no significant differences in expression Immunofluorescence images of kidney sections (7-μm-thick) labeled for active cleaved caspase-3 (red) and UMOD (green). Arrows indicate tubules positive for active caspase-3 and UMOD. Scale bars: 50 μm (original magnification, ×40). Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-tailed Student's t test. n = 6-8 per group.
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jci.org Volume 127 Number 11 November 2017 at 6, 12, and 30 weeks compared with expression in WT kidney, but, as reported above, showed a statistically significant downregulation at 24 weeks, which is when the florid fibrotic disease first appears ( Figure 5J and Supplemental Figure 4C ). The observed lack of difference in expression, as opposed to downregulation, at 30 weeks could be explained by selective pressure from the disease environment from 24 to 30 weeks favoring cells with more active expression of autophagy genes, affording them enhanced survival to later time points. Furthermore, in isolated UMOD-producing cells, we also observed differential expression of proteins that are key regulators of autophagy, including increased active p-mTOR and inactive p-FOXO3 and its negative regulator p-AKT in mutant cells ( Figure 5 , K and L). Consistent with the transcript expression levels, we found that TRIB3 protein levels were increased starting at 12 weeks and maintained through 30 weeks ( Figure 5 , K and L).
Overall, these time-course findings suggest that ER stress upregulation precedes cell death pathway signaling and that active suppression of autophagy is a relatively late response to disease. Autophagy enhancement removes mutant UMOD in primary human renal epithelial cells. We uncovered an overall lack of upregulation of autophagy across all time points tested and a paradoxical suppression of autophagy during the established disease state highly enriched for UMOD expression as well as expression of 2 markers of distal renal epithelium, SLC12A1 (NKCC2) and KCNJ1 (ROMK) (13, 20, 63, 64) (Supplemental Figure 2 , E-G). Expression of the proximal tubule marker HAVCR1 (KIM1) was largely absent from UMOD-producing cell isolates compared with purified proximal tubule control fractions (Supplemental Figure 2H) . Like the mouse UMOD cells, human UMOD cells lost robust expression of UMOD by day 10 in culture (Supplemental Figure 2E) . We at 24 weeks in primary purified murine UMOD-producing cells. We sought, therefore, to explore whether autophagy enhancement could benefit cell health by promoting the removal of aggregated protein to the lysosomal machinery. To screen for the efficacy of relevant compounds in removing aggregated mutant protein in an in vitro system, we established primary, immortalized human UMOD-producing cell lines expressing either WT or mutant UMOD. Human UMOD cells that were directly isolated were shown. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-tailed Student's t test or 2-way ANOVA with posthoc testing. n = 3-6 per group. jci.org Volume 127
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mental Figure 2I ). Characterization of these independent cell lines indicated that expression of mutant UMOD directly reduced expression of important autophagy genes including ATG3, ATG12, and MAP1LC3B ( Figure 6A ). Consistent with our mouse model, therefore used lentiviral vectors to establish stable transgenic expression of the WT and mutant forms of UMOD in 2 independent cell lines. The induced expression levels of WT and mutant UMOD were highly similar in the respective cell lines (Supple- (E) Images of caspase-3, -7 activity (in purple) of human UMOD-producing cell lines after 24 hours of treatment with vehicle, TNF-α (50 ng/ml), or TRAIL (50 ng/ml). Scale bars: 300 μm. (F) Quantification of caspase-3, -7 activity normalized to the cell area. Note the marked reduction in response to TNF-α and TRAIL treatment in the mutant cell line with TRIB3 silencing. Representative data from 1 of 3 experiments are shown (A, C, E, and F). Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001, by 2-tailed Student's t test or 2-way ANOVA with post-hoc testing. n = 3-6 per group. jci.org Volume 127 Number 11 November 2017 DDIT3 (CHOP), HSPA5 (BIP), and TRIB3 in the UMOD-mutant line that was not seen in the control cell lines expressing WT UMOD ( Figure 7 , B and C). Interestingly ATF4 and DDIT3 were significantly upregulated at baseline; however, transcripts for the chaperone proteins HSPA5 and TRIB3 were not. This would suggest that some elements of ER stress are moderately activated in steady-state conditions in mutant cells, but the level of stress is not substantial enough to elicit expression of the downstream genes. A threshold level of ER stress must be met before the cell death-promoting gene TRIB3 is upregulated. In addition, when the cell lines were subjected to transient ER stress, we observed that the mutant UMOD-producing cell lines were more susceptible to caspase-3 and caspase-7 activation when subsequently treated with exogenous TNF-α or TRAIL for 24 hours (Figure 7 , D-F). To determine the role of TRIB3 in mediating the ER stress-induced susceptibility to cell death, we silenced TRIB3 with siRNA (Supplemental Figure  5) . Once the method of silencing was established, the cell lines were pretreated with siRNA and then exposed to ER stress followed by exogenous cytokines. The level of caspase-3 and caspase-7 activity upon TNF-α and TRAIL treatment in mutant cell lines was markedly suppressed when TRIB3 was silenced (Figure 7, D-F) . Suppression of TNF-α signaling slows the progression of kidney disease. UMOD-mutant kidneys have increased expression of critical proapoptotic mediators, including TRIB3, DR5, TNF-α, and BCL2-binding component-3, and have elevated active caspase-3 by 24 weeks. UMOD-mutant human cell lines are more susceptible to TNF-α-and TRAIL-mediated apoptosis following induced ER stress. We therefore reasoned that inhibition of TNF-α signaling might be an attractive approach to reduce the activation of the apoptotic signaling cascade in susceptible distal epithelium and thereby preserve organ function. To test this hypothesis, we we also observed a significant reduction in the ratio of active to inactive LC3B in the mutant human cell line ( Figure 6 , B and C). Therefore, production of mutant UMOD protein specifically suppresses autophagy. To study this further, we transiently expressed a transgenic LC3B fusion protein tagged with both red fluorescent protein (RFP) and GFP fluorophores, whereby maturation from the autophagosome to autolysosome via fusion with an acidic lysosome results in loss of the acid-sensitive GFP fluorescence from tagged LC3B, and thus loss of colocalized GFP-RFP puncta. Treatment of the UMOD-mutant cell line with the autophagyactivating compounds rapamycin or torkinib enhanced autophagy flux, detected by loss of LC3B-GFP-RFP (yellow) puncta as early as 6 hours after treatment with the compound, with the effect continuing to 12 hours (Figure 6, D-F) . Consistent with this activation of autophagy flux, we observed a statistically significant clearance of the intracellular, aggregated form of mutant UMOD following treatment with either rapamycin or torkinib ( Figure 6, G and H) .
Silencing of TRIB3 in primary human renal epithelial cells rescues ER stress-induced sensitivity to TNF-α-and TRAIL-mediated apoptosis.
To study the role of potential signaling pathways downstream of ER stress activation on cell fate, we used the human UMODproducing cell lines to establish an in vitro human cell-based assay and tested the effect of induced, transient ER stress on cell response. In steady-state conditions, mutant UMOD-producing cell lines expressed higher levels of transcripts for the proapoptotic factors BBC3, TNFSF10 (encoding TRAIL), and TNFRSF10B (encoding death receptor 5, or DR5), whereas the expression levels of TNF and TRIB3 were no different ( Figure 7A ). We stimulated mild, transient ER stress by short exposure to low-dose brefeldin A (an inhibitor of trafficking from the ER to the Golgi apparatus) and observed a dose-dependent increase in expression of ATF4, coding regions of the UMOD gene, the majority of those studied disrupt critical cysteine residues, preventing the proper folding of the protein and ultimately leading to impaired trafficking and ER retention (28) . It is likely, therefore, that many of these mutations resulting in ER retention also cause ER stress-mediated tubular apoptosis. Importantly, in the clinic, apoptosis of affected distal epithelium from a renal biopsy of a patient with UAKD has also been reported (73) . Here, we show for the first time to our knowledge that using a widely prescribed inhibitor of TNF-α to abrogate pro-death signaling is a potentially effective therapeutic approach for such patients with this disease. Although exacerbated ER stress has been recognized to cause cell death, the molecular mechanisms connecting the UPR to ER stress pathway activation and thence cell death have recently been proposed (36, 37, 62, 74) . Notably, TRIB3, a pseudokinase with docking or scaffold functions that can regulate complex signaling pathways, has been shown to negatively feed back on the UPR. It has been reported in neurons and pancreatic β cells to play an important role in eliciting programmed cell death in conditions of chronic ER stress by sensitizing cells to TNF-α-and TRAILinduced apoptosis (61, 75) .
In our in vivo model of UAKD, using an unbiased approach, we identified Trib3 as a highly upregulated factor early in the course of disease in both whole tissue and specifically in mutant UMODproducing cells. We separately identified the ER stress pathway mediators ATF4 and CHOP engaged early in disease pathogenesis as well. Moreover, we identified increasing positive regulation of TNF-α signaling as disease progressed and subsequent activation of ER-tethered caspase-12 and executioner caspase-3 at the late stage of disease. We confirmed an important role for TRIB3 in human distal tubule cells expressing mutant UMOD p.Cys147Trp in the transduction of ER stress signaling to sensitize the cell to apoptosis. First, there was marked expression of TRIB3 upon induction of ER stress with brefeldin A treatment in the mutant cell line, which led to increased sensitivity to exogenous TNF-α-and TRAIL-induced caspase-3, -7 activation and apoptosis compared with that observed in WT cells. Silencing of TRIB3 using siRNA, after pretreatment with brefeldin A, substantially reduced ER stress-mediated caspase-3, -7 activation upon treatment with TNF or TRAIL. Importantly, the steady-state condition in vitro yielded only mild elevations of ER stress genes including ATF4 and CHOP and was insufficient to induce TRIB3. Expression of mutant UMOD alone did not result in greater susceptibility to cell death. Only upon brefeldin A pretreatment as an additional ER stress insult did we find differential effects on apoptosis in mutant cells compared with WT cells. This finding suggests that mild UPR responses are compensatory and that second hits from the environment are required to overwhelm the compensatory ER stress mechanisms and drive distal epithelium toward an exacerbated, chronic ER stress response, ultimately pushing the distal epithelium toward cell death. It should be noted that a recent report described a different point mutation knocked into the mouse Umod gene (Umod
C125R
). In that model, the phenotype was much milder than that seen in this report, and no increase in apoptosis, detected by nick-end labeling, was demonstrated at 6 months (76) .
The observation that mutant epithelium in our model expressed TNF superfamily members and was more susceptible stimulated mutant UMOD human cell lines with TNF-α and subsequently treated them with the soluble recombinant fusion protein TNFR:Fc or isotype IgG control antibody. TNFR:Fc reduced caspase-3, -7 activity to below baseline levels, indicating that the inhibitory activity could suppress responses to exogenous TNF-α, but also probably suppresses the effect of endogenously produced TNF-α (Supplemental Figure 6A) . Next, we treated a cohort of Umod C147W/+ mice and their littermate controls twice weekly from 10 to 16 weeks of age with isotype control antibody or soluble TNFR:Fc to antagonize TNF-α ( Figure 8A ). This time frame is consistent with the first signs of an ER stress-regulated apoptotic response, such as TRIB3 upregulation. While whole kidneys from mutant mice treated with IgG control showed substantial enrichment of the active, cleaved form of caspase-3 at 16 weeks, kidneys from TNFR:Fc-treated mice showed a marked reduction of active caspase-3 ( Figure 8B ). Consistent with a reduction of apoptotic cell death mechanisms, we observed a statistically significant improvement in renal function in TNFR:Fc-treated mutant mice compared with that in isotype-treated animals, demonstrated by reduced levels of BUN and sCr (Figure 8, C-F) . Furthermore, even at 16 weeks, prior to the florid fibrosis observed at 24 weeks, trends in reduced expression of the profibrotic genes Fn1, Col1a1, Serpine1 (Pai1), and Ctgf and the inflammatory and apoptotic mediators Ccl3, Cxcl2, Il6, Tnf and Bbc3, Casp12, and Tnfrsf10b (Dr5), respectively, were observed in TNFR:Fc-treated mutant mice (Supplemental Figure 6B ). This approach also reduced protein levels of the profibrotic signaling factor CTGF (Supplemental Figure 6 , C and D) and the extracellular matrix proteins fibronectin and laminin (Supplemental Figure 6 , E-G).
Discussion
The UPR, which participates in the broader ER stress response, is an adaptive mechanism that can protect cells from the consequences of acute protein misfolding, engage chaperones such as BiP and p58 IPK , and reduce protein synthesis and energy expenditure. However, in conditions of chronic ER stress, in which the UPR does not effectively restore proteostasis of the cell, its persistent activation potentiates innate immune responses, increases inflammatory signaling, and can ultimately lead to cell death (62, (65) (66) (67) (68) (69) . This series of events has been demonstrated in the setting of misfolded proteins in the CNS in diseases such as amyotrophic lateral sclerosis (ALS) and Alzheimer's disease (70, 71) . Similarly, the studies presented here highlight the idea that misfolded UMOD activates UPR mechanisms and triggers ER stressdependent cell death in renal tubule epithelial cells.
Recent studies have suggested that mutations in the UMOD gene, which are found in UAKD, account for up to 25% of inherited chronic kidney diseases following exclusion of polycystic kidney disease and Alport nephropathy (1). Although UAKD is considered quite rare in the broader community, the lack of a phenotype to distinguish it from other forms of chronic kidney disease, the presentation delayed often until adulthood, and the lack of a diagnostic test suggest that the prevalence may be higher than originally thought. Moreover, polymorphisms in the UMOD locus have been identified with high frequency in hypertensive and diabetic kidney diseases, but the function of those polymorphisms is currently unclear (11, 72) . Although there are multiple mutations in the jci.org Volume 127 Number 11 November 2017 checkpoints for autophagy induction at both the transcriptional level, through TFEB and FOXO3 inactivation, and the protein level, by inhibition of ULK1 (Supplemental Figure 8) . Importantly, in human UMOD-producing cells expressing mutant UMOD p.Cys147Trp, we successfully abrogated this suppressive autophagy phenotype by treatment with the mTOR inhibitors rapamycin or torkinib to increase autophagy flux. Both drugs enhanced clearance of the aggregated mutant form of UMOD p.Cys147Trp in the in vitro assay and therefore may be an attractive approach for treating UAKD. Pharmacological approaches to augment autophagy and regulate mTOR are in development for many disease indications, including neuropathies, kidney disease, cardiovascular disease, immune thrombocytopenia, and colorectal cancer, among others (86) (87) (88) (89) (90) (91) . Of note, patients with autosomal dominant polycystic kidney disease (ADPKD) in the SIRENA study who received a 6-month treatment of sirolimus (rapamycin) added to conventional therapy experienced halted growth of kidney cysts, with no observed serious adverse events (91) . Nevertheless, long-term treatment with mTOR inhibitors may not be sufficiently well tolerated in patients with chronic diseases such as UAKD. Efforts are currently underway to identify mTOR-independent mechanisms to enhance autophagy (92, 93) . In addition to strategies that inhibit downstream cell death mediators like TNF-α or activate endogenous autophagy programs to alleviate the cellular burden of misfolded protein accumulation, an emergent therapeutic approach to treating chronic states of ER stress and UPR activation, particularly in the field of neurodegeneration (94, 95) , has yielded several small-molecule modulators of components of the UPR itself. In particular, compounds such as GSK2606414 and ISRIB act at different levels of the PERK/eIF2α axis to inhibit the UPR and have proven effective in murine models of neurodegeneration (96) (97) (98) . Nevertheless, the current studies using these modulators highlight important concerns that question the translatability of these compounds into effective treatments for human disease: the lack of long-term tolerability due to toxicity to highly secretory organs like the liver and pancreas, in particular for the PERK inhibitor GSK2606414, and the lack of solubility of ISRIB (96, 97, 99) . Concern for systemic, long-term administration of these inhibitors also stems from the understanding that transient UPR activation is indeed beneficial to cells and has evolved as an adaptive mechanism to protect cells against instances of acute protein misfolding, only becoming pathological in chronically activated states that trigger downstream events, such as TRIB3 upregulation and TNF signaling, that can lead to cell death (60, (100) (101) (102) (103) (104) . Therefore, we believe that, although modulation of the UPR is a sound strategy, mechanistically speaking, to address the underlying pathology of UAKD in the mutant UMOD-expressing epithelium, the necessity for systemic, long-term administration of the available UPR inhibitors would incur unwanted toxicity. Future studies will be required to identify and test viable UPR modulators whose long-term, systemic administration can be better tolerated in the case of chronic diseases such as UAKD.
Overall, we conclude that the Umod C147W/+ mouse model described here recapitulates many features of UAKD. We believe our model provides critical insights into the relevant signaling pathways related to UAKD pathogenesis and informs on the temporal progression of the disease in order of the underlying pathological events (Supplemental Figure 8) . By creating an RNA-seq to TNF-α-and TRAIL-mediated cell death led us to test whether TNF-α blockade could be a rational and safe approach to protect the nephron from cell death and thereby preserve organ function. In a proof-of-concept experiment, systemic delivery of TNFR:Fc to mutant mice over a 6-week period reduced active caspase-3 in whole kidney and substantially reduced loss of organ function. Therefore, an anti-TNF-α approach may be effective in preventing nephron loss in patients with UAKD, particularly if activation of TNF-α signaling in the diseased kidney can be established, such as from a urinary biomarker. It is noteworthy that in hypertensive and diabetic kidney diseases compared with normally functioning kidneys, KEGG pathway analysis of differentially expressed genes (DEGs) reveals highly significant enrichment of TNF signaling, suggesting that further study of susceptibility of epithelium to TNF-α-dependent cell death in other forms of chronic kidney disease merits investigation (Supplemental Figure 7) .
Many chronic diseases are characterized by misfolded proteins, which are caused either by mutations/polymorphisms in coding sequences, or by aberrant protein production or clearance. These include neurodegenerative diseases like Alzheimer's, Parkinson's, Huntington's, ALS, and prion encephalopathies; lung diseases such as cystic fibrosis and α1-anti-trypsin deficiency; and hematological diseases including sickle cell anemia. An important contribution of autophagy to the manifestation of several of these diseases has been identified (40, 77) . More specifically, the body of research around aggrephagy (autophagy of aggresomes/aggregated proteins) describes a conserved endogenous mechanism for the removal of harmful protein aggregates too large to be processed effectively by the proteasome (39, 78, 79) and highlights the idea that insufficient autophagy due to genetic predisposition may underlie the manifestation of disease. In this new, genetically defined model of UAKD, autophagy was not engaged at the transcript level and was actively suppressed at the protein level, despite toxic accumulation of mutant UMOD protein. Mechanistically, we identified negative regulation of 2 critical transcription factors necessary for autophagy gene transcription (47, 50) : FOXO3 and TFEB in mutant tissues and cells. Consistent with this finding, we observed increased levels of their known negative regulators, AKT and mTOR, respectively. The level of inactive, p-ULK1, also negatively regulated by mTOR, was increased in whole-kidney tissue. The accumulation of P62 and the reduction of active LC3B II, hallmarks of suppressed autophagy, were clearly demonstrated in the diseased kidney. Thus, autophagy suppression in our model can be directly attributed to enhanced AKT and mTOR signaling as a likely result of increased signaling from growth factors such as PDGF, connective tissue growth factor (CTGF), and IGF-1 (80-85), which are abundant in settings of inflammation and fibrosis and elevated levels of which we observed in whole kidney tissue at 24 weeks ( Figure 1I ). In particular, chronic exposure to IGF-1 has been demonstrated to result in the reduction of both autophagy and cell viability (82) . More specifically, our model suggests that as the mutant animals age, accumulation of the misfolded UMOD protein and environmental ER stress "second hits" progressively incur a pathological ER stress-mediated apoptosis through TNF superfamily members and TRIB3, ultimately resulting in exacerbated inflammation and fibrosis. The growth factors that accompany this fibrotic response, including CTGF, PDGF, and IGF-1, promote AKT and mTOR signaling, thus negatively regulating the jci.org Volume 127 Number 11 November 2017 evant locus. Three positive F0 founders were confirmed by sequence alignment and bred with C57BL/6J females purchased from The Jackson Laboratory. A single independent mouse line was generated with 2 rounds of backcrossing the positive F1 generation with C57BL/6J mice, and a TaqMan SNP genotyping protocol was designed to identify heterozygous, homozygous, and WT offspring: forward, 5′-GGGCTCAG-TAACTGTCATGC-3′; reverse, 5′-AGTCCAGTCCTGGCTCACA-3′; reporter 1 WT, 5′-TTGGTACTGTGAGTGCTC-3′; reporter 2 mutant, 5′-TGGTACTGGGAGTGCTC-3′. Further details on the methods can be found in the Supplemental Experimental Procedures.
Statistics. All data are presented as the mean ± SEM. Significance of difference between groups was evaluated by 2-way ANOVA with Bonferroni's post-hoc analysis or Student's t test where appropriate (GraphPad Prism 7). A P value of less than 0.05 was considered statistically significant. Study approval. All animal studies were performed under protocols approved by the IACUCs of Biogen (protocol 0489-2013) and the University of Washington (protocol 4244). Human kidney tissue was obtained from kidneys discarded during nephrectomy procedures performed at Tufts New England Medical Center (Boston, Massachusetts, USA) under a research agreement. All patients consented to the use of their discarded tissue for research purposes, and all samples were deidentified. A pathologist scored kidney tissue for the presence of disease, and basic clinical and laboratory data were provided.
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The studies were funded by Biogen and NIH grants DK093493 and DK094768. The authors thank Timothy Zheng (Biogen) for assistance with dose determination for soluble TNFR:Fc; Wenning Qin (Biogen) and Lynn Valley (Charles River Laboratories) for managing animal husbandry; Suzanne Szak (Biogen) for submission of RNA-seq data to the NCBI's GEO database; and Chris Ehrenfels (Biogen) for management of the microscopy core. database of a time course of whole-kidney as well as UMODproducing epithelial cell-specific RNAs, we have enabled an unbiased approach to identifying an important role for chronically activated ER stress responses that promote the production of innate immune signaling molecules, leading to a hyperinflammatory state and ultimately tubular cell death. By perturbing human kidney epithelial cells expressing mutant UMOD protein, we have validated the role of these relevant cellular responses in a human system. In addition, we have identified maladaptive suppression of autophagy in settings of fibrosis, which may also serve to amplify the toxic consequences of misfolded protein accumulation. Finally, we provide initial validation in vivo that suppression of TNF signaling with drugs that are widely used in clinical practice may benefit patients with UAKD.
Methods
Development of the Umod
C147W/+ mouse line. The CRISPR-Cas9 system was used to insert the p.Cys147Trp mutation into the UMOD gene at residue 147. To reduce the likelihood of off-target cutting by Cas9 and to maximize on-target cleavage efficiency, established guidelines for single-guide RNA (sgRNA) design were followed (29, 30, 105, 106) .
To further maximize guide specificity, we used the online tool ZiFiT to select for a truncated, 17-bp guide with the fewest off-target sites with fewer than 3 mismatches (107) . Truncated guides (tru-gRNAs) are more intolerant of mismatches at off-target sites, allowing for greater specificity of guided Cas9 cleavage (108) . Off-target mutations are reportedly very rare in Cas9-generated mice (109) . Backcrossing founder animals with WT inbred strains will effectively segregate out any unlinked variants that arise from off-target Cas9 cleavage (109) . Ultimately, a single sgRNA molecule was designed with a 17-bp target sequence (5′-GTCCCGAGGGCTTTACA-3′). The sgRNA was synthesized by first annealing and cloning oligonucleotide pairs harboring 5-bp overhangs into the vector provided by the GeneArt CRISPR Nuclease Vector Kit (Thermo Fisher Scientific) and then performing in vitro runoff transcription (IVT) off the U6 promoter using a HiScribe T7 High Yield RNA Synthesis Kit (New England BioLabs) according to the manufacturer's instructions. sgRNA was purified using an RNeasy Mini Kit (QIA-GEN). A single 153-nt single-stranded oligonucleotide (ssODN) donor template harboring the required mutation as well as 3 silent mutations, included to prevent repeated nuclease activity of Cas9 at the recombined locus, was ordered from Integrated DNA Technologies (IDT) (5′-CTGGCCACCTGTGTCAACACAGAA GGCGACTACTTGTG-CGTGTGTCCCGAGGGATTCACCGGGGATGGTTGGTACTGG-GAGTGCTCCCCAGGCTCCTGTGAGCCAGGACTGGACTGCTTG-CCCCAGGGCCCGGATGGAAAGCTGGTGTGTCAA-3′). Together, the sgRNA (50 ng/μl), donor ssODN (100 ng/μl), and Cas9 mRNA (100 ng/μl) were microinjected into single-cell-stage embryo pronuclei derived from C57BL/6J mice at the Genome Modification Facility of Harvard University (Cambridge, Massachusetts, USA). Sixty founder males were screened for recombination and sequenced across the rel- 
